Background: Non-small cell lung cancer (NSCLC) patients harboring epidermal growth factor receptor (EGFR) mutations often develop brain metastases. Treatment with EGFR-tyrosine kinase inhibitors (TKIs) has shown the effectiveness; however, knowledge of the clinical factors associated with outcomes in NSCLC patients with EGFR mutations remains limited. Methods: Treatment-naive patients diagnosed with advanced non-squamous NSCLC with brain metastases harboring EGFR mutations and treated with an EGFR-TKI as first-line therapy were enrolled with analysis of their medical records. Results: A total of 134 advanced NSCLC patients with brain metastases harboring EGFR mutations received an EGFR-TKI (gefitinib: 62, erlotinib: 49, and afatinib: 23) as the first-line therapy. Sixty-nine had exon 19 deletions (51.5%), and 56 (41.8%) had L858R mutations. There was no statistically significant difference in progression-free survival (PFS) and overall survival (OS) among the EGFR-TKIs. Significantly shorter OS was noted in patients with multiple brain metastases (hazard ratio [HR]: 2.43, p = 0.007), uncommon EGFR mutations (HR: 3.75, p = 0.009), and liver metastases. Thirty-eight patients (29.1%) received brain radiotherapy for brain metastases before disease progression, and had a significantly longer time until intracranial progression. However, the brain radiotherapy had no statistically significant impact on PFS or OS. Conclusions: Patients with uncommon mutations, multiple brain metastases, and concomitant liver metastases tended to have shorter OS. Brain radiotherapy could delay the time to intracranial disease progression but had no impact on survival. The different first-line EGFR-TKIs achieved similar treatment responses in terms of PFS and OS in the EGFRmutated NSCLC patients with brain metastases.
Background
Of patients with non-small cell lung cancer (NSCLC), approximately 25 to 40% develop brain metastases (BM), [1] with adenocarcinomas accounting for more than half of all NSCLC BM [2] . Even when treated with whole brain radiotherapy (WBRT), patients with BM have typically had poor prognoses in the past, including a median survival of only around 6 months [3] . Aside from WBRT, NSCLC patients with BM have shown some responsiveness to chemotherapy with pemetrexed or cisplatin combined with other types of chemotherapy, including response rates ranging from 27 to 69% and overall survival (OS) durations ranging from 7.4 to 10 months [4] [5] [6] . In recent years, randomized trials have further reported that EGFR-tyrosine kinase inhibitors (TKIs) have shown better progression-free survival (PFS), objective responses, and safety profiles than standard first-line platinum-based doublet chemotherapy in patients with positive EGFR-mutant NSCLC, such that EGFR-TKIs have become the standard treatment for the initial management of EGFR-mutant advanced NSCLC [7] [8] [9] [10] . Relatedly, some studies have reported encouraging results for the treatment of positive EGFRmutant NSCLC patients with BM with EGFR-TKIs alone, including PFS durations of 6.6 to 15.2 months and OS durations of 12.9 to 18.9 months [11] [12] [13] [14] [15] .
Among the EGFR-TKIs, the first-generation EGFR-TKIs gefitinib and erlotinib are inherently different in their method of action from the second-generation EGFR-TKI afatinib, with the former reversibly binding to cause the inhibition of EGFR signaling and the latter irreversibly blocking the ErbB family of receptors. Data collected in previous research has further shown that these EGFR-TKIs have different in vitro sensitivities, different plasma drug concentrations, and different clinical responses to TKIs [16] [17] [18] . Meanwhile, given the lack of any direct comparisons of these drugs via prospective randomized trials, a series of meta-analyses were conducted in order to determine which EGFR-TKI, if any, is the most effective. These studies, however, did not find any significant differences in the effectiveness of afatinib, erlotinib, and gefitinib [19] [20] [21] . Furthermore, the role played by TKIs in patients with BM is still not clear.
As with the use of EGFR-TKIs, the survival impacts of other local treatments for BM, such as surgical tumor excision and radiotherapy, have also not been thoroughly clarified. As such, we conducted the present study in order to provide a clearer picture of the effects both of various clinical factors and different TKIs in BM patients with EGFR-activating mutations. To that end, we sought to determine the prognostic factors for survival via a retrospective analysis of the clinical impacts of BM number and other metastatic locations, EGFR mutation type, and additional treatments (specifically, surgical excision or radiotherapy) for BM. At the same time, the analysis also allowed us to assess the respective treatment efficacies of afatinib, erlotinib, and gefitinib in EGFR-mutant NSCLC patients with BM.
Methods

Patient cohort
The investigation was approved by the National Taiwan University Hospital (NTUH) Research Ethics Committee. In this retrospective study, patients aged 18 years or older with non-squamous NSCLC who had ever received an EGFR-TKI as the first-line treatment during the period from May 1, 2013, to May 31, 2016, at NTUH or NTUH Yunlin Branch were identified. The patients could be newly diagnosed with non-squamous NSCLC at either of those two hospitals or referred from other hospitals. EGFR gene mutation detection was measured by MassAR-RAY genotyping (SEQUENOM). The exclusion criteria included the following: patients without an EGFRactivating mutation (such as an L858R mutation in exon 21 or an exon 19 deletion) or another uncommon mutation, patients who received treatment for less than 3 months because of adverse effects or other comorbidities, patients who were lost to follow-up within 3 months, and patients for whom there was incomplete data for analysis.
The medical records data of each patient, including age at diagnosis, gender, smoking history, comorbidities, EGFR mutation type, BM number, other metastatic locations, and treatment modalities were retrospectively reviewed and recorded. Chest computed tomography (CT), brain imaging (CT or magnetic resonance imaging (MRI)), and bone scans were undertaken for initial staging. The patients took an EGFR-TKI (gefitinib 250 mg/ day, erlotinib 100 mg or 150 mg/day, or afatinib 30 mg or 40 mg/day), received other treatments for BM (radiotherapy or surgical excision), and obtained subsequent anticancer therapy after disease progression according to their physicians' instructions. Follow-up imaging was arranged every 3 months after TKI treatment or as needed at the physicians' discretion to confirm the treatment response. The treatment responses were evaluated according to the Response Evaluation Criteria in Solid Tumors version 1.1 [22] and defined as complete remission (CR), partial response (PR), stable disease (SD), or progressive disease (PD). The proportion of patients who had CR or a PR to therapy was defined as the overall response rate (ORR). The intracranial responses were also recorded according to the above criteria.
Patients were enrolled for PFS and OS analysis. Information on survival was obtained through active followup based on verification of each patient's vital status. PFS was defined as the duration from the beginning of EGFR-TKI treatment until the time of disease progression. OS was defined as the period from the date of beginning EGFR-TKI treatment to the date of death or the last follow-up.
Statistical analysis
Continuous variables are expressed as medians with ranges, and categorical variables are expressed as percentages of the group from which they were derived. Categorical variables were compared using the Chisquare test. Kaplan-Meier curves were plotted for OS, PFS, and the subgroups of clinical factors, and the logrank test was used to determine statistical significance. Cox proportional-hazards regression was used for covariate analysis to determine the hazard ratio of clinical factors and survival. A p value less than 0.05 was considered significant, and factors with a p value ≤0.01 were added to a multivariate Cox regression model. All analyses were performed using MedCalc Statistical Software version 18.5 (MedCalc Software bvba, Ostend, Belgium; http://www.medcalc.org; 2018). The data cutoff date was December 31, 2017.
Results
Patient characteristics
From May 1, 2013, to May 31, 2016, 658 patients with stage IIIB or IV lung cancer received an EGFR-TKI as first-line therapy. After excluding those who met the exclusion criteria, a total of 134 patients were enrolled in the study (Fig. 1 ). Sixty-two patients received gefitinib, 49 patients received erlotinib, and 23 patients received afatinib (Table 1) . Ninety-six patients were female (71.6%). Only 16 patients were smokers (11.9%). There were 70 patients (52.2%) who underwent brain MRI to confirm BM at the initial staging, while the other 64 patients underwent brain CT to confirm BM at the initial staging. There were 56 patients who harbored L858R mutations (41.8%), 69 patients who harbored exon 19 deletions (51.5%), 5 patients who harbored uncommon mutations (2 with G719X and 3 with G719A), and 4 patients who harbored complex mutations (3 with L858R + T790 M and another 1 with L858R + S768I). Of the 134 patients, 123 patients (91.8%) had multiple distant metastases (M1c) [23] , with the largest number of patients having bone metastases (n = 87, 64.9%) and the next largest number of the patients having liver metastases (n = 26, 19.4%). Eighty-eight patients (65.7%) had three or more BM. Among the 38 patients who received radiotherapy to treat BM following the confirmation of BM, 22 patients (57.9%) exhibited neurological symptoms. Only 8 patients (6.0%) received brain tumor excision at the beginning of their treatment courses, including 2 patients who did not exhibit neurological symptoms.
The ORR to the various EGFR-TKIs was 74.6%, and the respective response rates to gefitinib, erlotinib, and afatinib were 79.4, 69.4, and 73.9% ( Table 2 ). The most common adverse effects (≥ grade 2) were skin rash or itching (n = 4, 3.0%), paronychia (n = 2, 1.5%), and diarrhea (n = 1, 0.7%). Patients who received afatinib experienced more adverse effects and also had a higher rate of paronychia (4.3%) than those who received gefitinib or erlotinib (p = 0.005). Other critical drug-related adverse effects such as pneumonitis or hepatitis were not mentioned.
Clinical factors associated with survival of NSCLC patients with BM
Disease progression had occurred in 118 patients by the end of the follow-up period (88.1%), and 45 patients had intracranial progression (33.6%), including 13 patients who had both intracranial and extracranial progression ( Table 2) .
The median PFS and OS for all the patients were 11.4 (95% CI: 9.30 to 13.30) and 36.9 (95% CI: 29.10 to 60.00) months, respectively. There were no statistically significant differences in PFS and OS among the three EGFR-TKIs ( Table 2 , Fig. 2a and b), nor were there statistically (Table 3) .
Significantly shorter OS was noted in the patients with multiple BM (median: 33.0 months, 95% CI: 24.80 to 38.20, p for log-rank test = 0.005, Fig. 2c ; Table 3 ), uncommon EGFR mutations and complex mutations (L858R vs. del 19 vs. uncommon vs. complex: 41.9 vs. 38.2 vs. 15.0 vs. 11.7 months, respectively, p for log-rank test = 0.015, Fig. 2d ; Table 3 ), and liver metastases (median: 23.0 months, 95% CI: 18.20 to 36.90, p for log-rank test = 0.027, Fig. 2e ; Table 3 ). Patients with multiple extrathoracic metastases in one or more organs, which is known as M1c disease according to the eighth edition of the TNM staging system [23] , had shorter median OS, but the difference was not statistically significant (36.9 months, 95% CI: 29.00 to 53.50, p for log-rank test = 0.400, Fig. 2f ; Table 3 ). Patients harboring uncommon mutations and complex mutations had significantly shorter PFS than those with common mutations (Additional file 1: Figure S1 , median: L858R vs. del 19 vs. uncommon vs. complex: 12.3 vs. 11.4 vs. 9.3 vs. 5.8 months, respectively, p = 0.040). A multivariate analysis by Cox regression model showed that uncommon or complex EGFR mutations (HR: 2.65, 95% CI: 1.031 to 6.804, p = 0.043), multiple BM (HR: 2.07, 95% CI: 1.055 to 4.071, p = 0.035), and concomitant liver metastases were poor prognostic factors in terms of OS (Fig. 3 ). The additional local treatment (radiotherapy or tumor excision) for BM had no statistically significant impact on PFS or OS (median OS of patients who received radiotherapy: 33.0 months, 95% CI: 25.70 to 53.50, p for log-rank test = 0.526, Fig. 2g ; median OS of patients who did not receive tumor excision: 36.9 months, 95% CI: 29.10 to 53.50, p for log-rank test = 0.188, Fig. 2h ; Table 3 ). Patients with intracranial progression had longer OS than those with only extracranial progression, but the difference was not statistically significant (median: 53.5 months, 95% CI: 32.00 to 60.00, p for log-rank test = 0.101, Fig. 2i ). 
Evaluation of metastatic brain lesions
There were 38 patients (29.1%) who received radiotherapy for BM before disease progression. Fewer NSCLC patients with BM who were treated with afatinib initially received brain radiotherapy (2/23, 8.7%, p = 0.018) ( Table 1 ). The overall intracranial treatment response rate to the various EGFR-TKIs was 61.2% ( Table 2 ). Afatinib and erlotinib had higher intracranial response rates than gefitinib (afatinib: 65.2%, erlotinib: 69.4%, and gefitinib: 53.2%, respectively) ( Table 2 ). The median times to intracranial PD for gefitinib, erlotinib, and afatinib were 23.6, 27.8, and 17.2 months, respectively, but the differences in these median times to intracranial PD were not significant ( Table 2 ). In addition, there was no statistically significant difference in time to intracranial PD for other clinical factors such as gender, age, smoking status, or number of BM (Table 4 ).
Patients who received additional brain radiotherapy for BM at the initial diagnosis had a significantly longer time to intracranial PD (median time to intracranial PD, received brain radiotherapy vs. without brain radiotherapy, NR [not reached] vs. 21.0 months, p = 0.002, Fig. 4a ). However, the additional surgical tumor excision for BM resulted in no statistically significant extension of the time to intracranial PD (median time to intracranial PD, received surgical excision vs. without surgical excision, 17.4 vs. 23.6 months, p = 0.373, Fig. 4b ).
Discussion
In this retrospective study, we found there was no statistically significant difference in PFS or OS among the three EGFR-TKIs in the real-world setting of the investigated patients. Meanwhile, it was found that sensitizing rare mutations, multiple BM, and concomitant with liver metastases could be independent prognostic factors for survival. Furthermore, the patients with extracranial progression and M1c disease had shorter OS, but the differences between the groups were not statistically significant. Additional brain radiotherapy for BM during the use of EGFR-TKIs showed a benefit in terms of the time to intracranial PD; however, the brain radiotherapy had no statistically significant impact on survival itself.
In real-world settings, the initial assessment of cancer status might have a greater impact on a patient's prognosis than the different treatments available. Older age, poor performance status, extracranial metastases, and more BM have previously been found to indicate a poor prognosis in terms of estimating the survival of patients with BM [24] . A recent update to that research suggested that two additional factors, namely, EGFR and ALK alterations in patients with lung adenocarcinoma, can be used to better evaluate the prognosis of such patients [25] . In our study, patients with three or more BM and with uncommon or complex mutations were associated with shorter OS. Among the different sites of extracranial metastases, concomitant liver metastases were also associated with shorter OS in our analysis. This finding was consistent with the fact that liver metastases have also been observed as a predictor of poorer prognosis in a few retrospective studies despite the patients in those studies receiving different first-line treatments [26, 27] .
About 10% patients with NSCLC harbor uncommon mutations [28] . Uncommon EGFR mutations have been found to constitute a distinct part of the whole group of EGFR mutations and to have different reactions to EGFR-TKIs [29] . The post-hoc analysis of the NEJ002 study demonstrated shorter OS for gefitinibtreated patients with uncommon mutations compared to those with common mutations (11.9 versus 29.3 months; p < 0.001) [30] . Nevertheless, afatinib seemed effective in patients with certain types of uncommon EGFR mutations, including G719, L861Q, and S768I, in a post-hoc study of the LUX-Lung 2, LUX-Lung 3, and LUX-Lung 6 studies (median OS 19.4 months, 95% CI: 16.4-26.9) [28] . In our study, 5 patients harbored uncommon mutations with G719, but none of those patients received afatinib treatment. Those patients had significantly shorter OS compared to those with common mutations. The effectiveness of different TKIs in NSCLC patients with uncommon EGFR mutations still needs to be further investigated.
Previous studies have described the efficacy of erlotinib in BM and attributed its efficacy to its ability to cross the blood-brain barrier [14, 31] . Meanwhile, gefitinib has been reported to be less effective than erlotinib in treating BM because of insufficient levels of the drug in the CSF (cerebrospinal fluid) [32] . Thus, some physicians may prefer to use erlotinib to treat BM before the use of afatinib has been validated. Nevertheless, one retrospective study found that BM at initial diagnosis had no impact on OS in EGFR mutation-positive patients treated with first-line gefitinib [26] . A subgroup analysis of the LUX-Lung 3 and LUX-Lung 6 studies disclosed that afatinib significantly improved the PFS (8.2 versus 5.4 months; HR, 0.50; p = 0.0297) and objective response rate versus chemotherapy in patients with BM [33] .
Another study also showed that afatinib was effective against central nervous system metastases in heavily pretreated patients with EGFR-mutated or EGFR-TKIsensitive NSCLC [15] . In our study, we sought to compare three EGFR-TKIs in treating BM. There was no significant difference in either PFS or OS or the development of intracranial progression in real-world practice. Unlike in the previous study, intracranial progression developed sooner (median: 8.9 months, 95% CI: 9.10 to 14.93) in our patients treated with erlotinib, but the difference was not significant. The gefitinib-treated patients had the longest median PFS and OS among the three groups, although the differences were not significant. In this retrospective analysis, the afatinib group had less patients than the gefitinib and erlotinib groups because afatinib was a newly licensed drug in Taiwan at that time. Nonetheless, this selection bias might have caused its effect to be underestimated because of the relatively short observation period. Osimertinib, a third-generation EGFR-TKI, showed longer median PFS in untreated EGFR-mutated advanced NSCLC patients with BM (osimertinib vs. standard EGFR-TKI: 15.2 vs 9.6 months, p < 0.001) in the phase III FLAURA trial [10] . In Taiwan, osimertinib has only been approved for second-line treatment for advanced NSCLC patients who harbor a T790 M mutation since November 2016, and reimbursements for it are not provided by the National Health Insurance system. The real-world experiences of patients treated with osimertinib compared to other EGFR-TKIs thus require more study.
Our study demonstrated that brain radiotherapy could prolong the time to intracranial PD significantly. However, additional local treatment for BM, whether radiotherapy or surgical excision, had no impact on the PFS or OS of those patients. Previous studies had shown good safety and favorable objective response rates or improvements in quality of life in patients receiving combination therapy with gefitinib [34] or erlotinib [35] but no statistically significant differences in OS. The prevention of intracranial progression seemed not to have an impact on OS. Twelve patients in this study received radiotherapy for BM earlier than they took EGFR-TKIs (median duration between radiotherapy and the beginning of EGFR-TKI use: 12.5 days, Additional file 2: Table S1 ). Their PFS and OS were not significantly different than those of the other 27 patients who started radiotherapy after taking EGFR-TKIs (median duration between EGFR-TKI use and the beginning of radiotherapy: 11.6 days). Eight patients in our study received surgical excision of BM. Two of them received the surgery after they started taking EGFR-TKIs for better local control because of large brain tumors (5.6 cm and 6.4 cm in diameter, respectively). Both of those patients received EGFR-TKIs for nearly 7 weeks after the surgery and had only extracranial progression later with significantly shorter PFS than the other 6 patients (Additional file 3: Table S2 ). This This study had several limitations. First, the number of patients who received afatinib was relatively small compared to the numbers of patients who received the other two EGFR-TKIs. We enrolled patients who received an EGFR-TKI as first-line treatment from May 2013 to May 2016. Compared to gefitinib and erlotinib, which were reimbursed for first-line treatment of advanced NSCLC with EGFR mutations by the National Health Insurance system of Taiwan beginning on June 2011 and November 2013, respectively, afatinib was only reimbursed beginning in May 2014. The relatively late licensing of afatinib may have impacted the number of patients treated with the drug in our study. Length bias may also have affected the study. Second, based on the current evidence, the existence of BM [36] and different EGFR mutation types [37] may affect physicians' decisions in terms of prescribing EGFR-TKIs. Third, the numbers of BM in patients and the number of patients with intracranial progression may have been underestimated in those patients who only received brain CT during the initial staging or followup period.
Conclusion
In EGFR-mutant NSCLC patients with BM, uncommon or complex mutations, multiple BM, and concomitant liver metastases tended to have shorter OS. Brain radiotherapy could be considered for early symptomatic BM patients to improve the time to intracranial PD; however, the intervention had no statistically significant impact on survival. In clinical practice, the difference among the three EGFR-TKIs on PFS and OS was not significant. An advanced prospective randomized control trial would be warranted to compare the clinical efficacy between firstand second-generation EGFR-TKI treatments for EGFRmutant NSCLC patients with BM.
